Homogalacturonan pectin domains are synthesized in a highly methyl-esterified form that later can be differentially de-methyl esterified by pectin methyl esterase (PME) to strengthen or loosen plant cell walls that contain pectin, including seed coat mucilage, a specialized secondary cell wall of seed coat epidermal cells. As a means to identify the active PMEs in seed coat mucilage we identified 7 PMEs expressed during seed coat development. One of these, HIGHLY METHYL ESTERIFIED SEEDS (HMS), is abundant during mucilage secretion, peaking at 7 Days Post Anthesis (DPA) both in the seed coat and the embryo. We have determined that this gene is required for normal levels of PME activity and homogalacturonan methyl esterification in the seed. The hms-1 mutant displays altered embryo morphology and mucilage extrusion, both of which are a consequence of defects in embryo development. A significant decrease in the size of cells in the embryo suggests that the changes in embryo morphology are a consequence of lack of cell expansion. Progeny from a cross between hms-1 and the previously characterized PMEI5 over-expression line (OE) suggest that HMS acts independently from other cell wall modifying enzymes in the embryo. We propose that HMS is required for cell wall loosening in the embryo to facilitate cell expansion during the accumulation of storage reserves, and that its role in the seed coat is masked by redundancy.
Introduction
Plant cell walls are complex composites composed of a variety of polysaccharides, proteins and aromatic or aliphatic compounds (Caffall and Mohnen, 2009) . Pectins are acidic heteropolymers that form a hydrated gel in which cellulose and other molecules are embedded in the plant cell wall. Increasing evidence supports the hypothesis that all three of the major pectin classes, homoglacturonan (HG), rhamnogalacturonan I (RG I) and rhamnogalacturonan II (RG II) are covalently linked in the cell wall (Willat et al., 2001; Caffall and Mohnen, 2009; Tan et al., 2013) forming a hydrophilic macromolecular network. The most abundant pectin is HG, a polymer of -1,4-linked-d-galacturonic acid (GalA; Ridley et al., 2001) thought to be synthesized in a highly methyl esterified form that can be de-methyl esterified following secretion to the apoplast (Zhang et al., 1992; Staehelin et al., 1995; Sterling et al., 2001) . De-methyl esterification is catalyzed by PMEs in either a blockwise or non-blockwise fashion (Wakabayashi et al., 2003) . When a PME acts in a blockwise fashion, removing methyl groups from at least 10 consecutive adjacent GalA residues, the free carboxyl groups created can interact with Ca 2+ , forming a pectic gel (Goldberg et al, 1996; Al-Qsous et al., 2004; ) . In contrast, PME action may expose glycosidic bonds between adjacent GalA residues for subsequent polygalacturonase (PG) mediated hydrolysis that would be expected to participate in cell wall loosening and extension (Moustacas et al., 1991) . Pectin methyl esterase inhibitors (PMEIs) are small proteins that have been shown to inhibit PMEs, and these enzymes must also be taken into account when studying PME-related cell wall modification The epidermal cell layer of A. thaliana seed coat undergoes complex cell differentiation during which large quantities of pectinaceous mucilage is secreted between the plasma membrane and the outer tangential primary cell wall (Haughn and Western, 2012; North et al., 2014) . Upon exposure to water, mucilage is extruded from the epidermal cells and encapsulates the mature seed. Several lines of evidence indicate that HG, the substrate of PME, is present in seed coat mucilage. First, monosaccharide analysis of A. thaliana seed coat mucilage suggests a small proportion of HG (Dean et al., 2007; Macquet et al., 2007) . Second, plants homozygous for a mutation in an HG biosynthetic enzyme (gaut11-2) produce seeds with lower quantities of mucilage (Caffall et al., 2009 ). Finally, seed mucilage is recognized by HG-specific antibodies JIM5, JIM7, PAM1, and 2F4 (Willats et al., 2001; Macquet et al., 2007; Voiniciuc et al., 2013) .
Evidence for the presence of PMEs and PMEIs in seed development is largely related to the identification of their transcripts in seed tissues. Approximately 20 PMEs are expressed during silique development (Louvet et al., 2006) , while real-time PCR data and promoter-GUS fusions have shown that 2 PME genes are expressed early in seed development (Louvet et al., 2006) . Another study identified genes, annotated to encode PME and PMEI proteins specifically expressed in the seed coat, endosperm, or embryo during development (Wolf et al., 2009) . Recently, FLYING SAUCER1 (FLY1), a transmembrane ring E3 Ubiquitin Ligase, was shown to regulate the degree of pectin methyl esterification in A. thaliana seed mucilage (Voiniciuc et al., 2013) , highlighting the importance of PME and its inhibitors in the seed coat. The authors proposed that FLY1 regulates the degree of pectin methyl esterification in mucilage by recycling PME enzymes from the apoplast of seed coat epidermal cells. SUBTILISIN-LIKE SERINE PROTEASE 1 (SBT1) was shown to be a protease essential for normal seed mucilage release (Rautengarten et al., 2008) . The mutant atsbt1.7 has increased PME activity in the seeds suggesting that it acts as a repressor of PME activity. Most recently, PMEI6 was shown to promote A. thaliana seed mucilage release by limiting methyl esterification of homogalacturonan in seed coat epidermal cells (Saez-Aguayo et al, 2013) . Given that PMEIs are believed to function with PMEs, these data indirectly support the importance of PME activity in seed mucilage biosynthesis.
Here, we sought to identify the PMEs that function in the de-methyl-esterification of seed mucilage by screening for PME mutants with defective extrusion or adherence.
One such mutant, carrying a defect in the gene At1g23200, was shown to be required for normal embryo development. The defect in mucilage extrusion observed in the mutant was shown to be a pleiotropic effect of the changes in embryo.
Results
Identification of PME genes expressed in the seed coat during mucilage secretion Previously, we hypothesized that a PME gene involved in mucilage modification would be expressed between 4 and 9 DPA with a peak at approximate 7 DPA, toward the end of the period of mucilage secretion (Haughn and Chaudhury, 2005) . Using the eFP browser (http://bar.utoronto.ca/efp) and a seed coat specific microarray (http://bar.utoronto.ca/efp_seedcoat/), we identified 7 PMEs expressed in the seed coat ( Figure 1 ). Two previous studies identified A. thaliana PMEs with expression patterns specifically up-regulated in the silique (Louvet et al., 2006) and seed coat (Wolf et al., 2009) . In these studies, the annotated genes At5g49180, At1g11590, At4g03930 and At4g33220 were identified as being expressed in the seed in agreement with our results.
We verified the in silico results for all seven genes using RT-PCR (Figure 1 ).
The transcripts of two genes, At1g23200 and At2g43050, were highest in the seed coat at 7 DPA (increased significantly from 4 to 7 DPA and decreased between 7 to 10 DPA) in the seed coat specific microarray (http://bar.utoronto.ca/efp_seedcoat/). The expression of both genes is relatively low in other plant tissues, except the embryo (At1g23200) and stem (At2g43050) (Figure 1 ).
Insertion lines with a seed mucilage phenotype
We screened A. thaliana insertional mutant lines available from Arabidopsis Biological Resource Center (ARBC), Nottingham Arabidopsis Stock Center (NASC) and Riken Bioresource Center (BRC) for all 7 annotated PME genes, except At2g43050. No insertions were confirmed in the T-DNA lined ordered for At2g43050 (unpublished results). Only one insertional mutant line (15-4955-1; transposon-tagged line from RIKEN Genomic Sciences Center"; Ito et al., 2002; Kuromori et al., 2004) , gave an obvious mucilage phenotype. This line has an insert in the second exon of At1g23200 In search for another mutant allele, we analyzed the allele GK-278G11 renamed hms-2 (www.gabi-kat.de). The T-DNA in hms-2 is inserted at -29 from the +1 site in the 5 UTR (Figure 2A ). The hms-2 mutant has no mucilage phenotype and HMS transcript in hms-2 is comparable to WT (unpublished results) . No other alleles were available in the coding region of HMS.
The morphology of hms-1 seed coat and embryo is affected
The mature hms-1 seed morphology was altered when compared to WT. The hms-1 seeds appeared smaller in size and were irregular in shape ( Figure 3C-D) . When mature hydrated seeds were illuminated and observed by light microscopy, the hms-1 seed appeared translucent while the WT seeds were opaque. In addition, the mutant embryo appeared smaller and underdeveloped ( Figure 2E -F), a conclusion supported by dissection of the embryos from the seed ( Figure 3G -H). The total weight of the hms-1 seeds was also found to be lower than WT ( Figure 2J ).
The hms-1 mucilage phenotype is a consequence of an embryo defect
Since the hms-1 phenotype includes defects in both seed coat and embryo, we investigated whether the phenotype was due to the genotype of the seed coat, the embryo or both. The hms-1 mutant was used as the female parent in a cross with WT. In this cross, the F1 seeds have a seed coat that is homozygous for hms-1 and an embryo that is heterozygous for this mutation. The morphology, weight and mucilage extrusion phenotypes of the F1 seeds was similar to WT ( Figure 2K-M) . Thus, the hms-1 seed phenotype, including the characteristics for mucilage extrusion and the seed coat is due to loss of HMS function in the embryo, but not the seed coat. Consequently, we investigated the embryo defects further.
The hms-1 embryo defect is first visible at 7 DPA To investigate the development of hms-1 seeds, WT and hms-1 seeds were sectioned at 4, 7 and 10 DPA. These times represent key stages in seed development. At large vacuolated cells ( Figure 3C ). By 7 DPA, mucilage secretion in the seed coat epidermal cells is almost complete ( Figure 3K ). The 7 DPA embryo has reached the bent cotyledon stage ( Figure 3G ), and its cells are expanding and beginning to accumulate storage reserves ( Figure 3I ). The seed coat epidermal cells of the 10 DPA seed have begun to synthesize a secondary cell wall ( Figure 3Q ). Embryo morphogenesis and growth is almost complete (Figure M) , and its cells contain considerable storage reserves ( Figure O) . The seed coat development of hms-1 was similar to that of WT throughout development ( Figure 3 ; compare E,K,Q with F,L,R). In contrast, the hms-1 embryo was similar to WT around 4 DPA ( Figure 3A-B) , but different from WT by 7 DPA ( Figure   3G -H). The hms-1 embryo at 7 DPA was significantly smaller and appears to be at an earlier developmental stage (torpedo). These differences were more pronounced by 10 DPA ( Figure 3M -N). The hms-1 embryo defects (7 DPA) roughly coincide with HMS expression in WT seed ( Figure 1 ).
The hms-1 embryo cell size is decreased
As shown above, the hms-1 embryo is smaller relative to the WT embryo after 4 DPA ( Figure 3G -H, M-N). To determine the anatomical basis for this size change, the anatomy of WT and hms-1 seeds at 4, 7 and 10 DPA were examined. Cells of the 4 and 7 DPA embryo were similar in structure to those of WT ( . These results suggest that as expected for a PME, HMS is targeted to the endomembrane system and secreted to the apoplast.
However, in the absence of complementation, we cannot eliminate the possibility that the YFP tag results in mislocalization of HMS.
The PME activity is decreased and the DM is increased in hms-1 7 DPA seeds Expression in the yeast Saccharomyces cerevisiae, of the HMS coding region, both with and without the PME pro domain in the vector pESC-URA (Agilent Technologies), failed to demonstrate PME activity (unpublished data). As an alternative, measurement of the PME activity in protein extracts from developing 4, 7 and 10 DPA hms-1 and WT seeds were used to test if the presence of HMS protein is correlated with PME activity. PME activity from 4 DPA developing silliques was similar in hms-1 and WT ( Figure 5A ). Unexpectedly, a significantly lower level of PME activity was observed in the F1 silliques of the hms-1  WT cross at 4 DPA ( Figure 5A ) a result that might have resulted from delayed or lowered fertilization as a consequence of outcrossing. By 7 DPA, PME activity was significantly lower in hms-1 as compared with WT ( Figure 5A ). This activity in F1 seeds of the hms-1  WT cross was intermediate between WT and hms-1.
Transformation with the pHMS:HMS construct was able to complement the loss of PME activity in hms-1. The 10 DPA seed protein extracts showed no PME activity in any sample ( Figure 5A ). Since a decrease in PME is expected to result in an increase in DM, the DM of the same extracts was quantified and showed a small, but significant increase in the hms-1 mutant only at 7 DPA ( Figure 5B) . Interestingly, the difference in the DM was not conserved later in the development. This suggests the need for a decrease in DM specifically at 7 DPA for the embryo to develop properly.
The 7 DPA hms-1 embryos have increased labelling by HG specific antibodies PME activity and DM of hms-1 and pUBQ1:HMS leaves suggest that HMS is an active PME. Localizing pectin de-methyl esterification in cross sections of seed can give additional information on the differences in DM between hms-1 embryo and WT. To examine the DM of HG pectin in seeds, thin sections of developing seeds were treated with JIM7 and JIM5 antibodies, where the epitope for JIM7 is HG with a high DM and JIM5 is HG with low DM (Willat et al., 2000 (Willat et al., , 2001 . For the seed coat, no differences in the binding of either antibody were observed between hms-1 and WT ( Figure 3) . However, by 7 DPA, JIM7 signal in the hms-1 embryo appeared higher compared to WT. JIM7 binding is distributed through both the radical and cotyledon in the hms-1 embryo, while in WT it is restricted to the cotyledon ( Figure 5D -G). In contrast, JIM5 appears slightly lower in 7 DPA hms-1 compared to WT seed sections ( Figure 5E -H). In 10 DPA hms-1 and WT sections the JIM7 binding is similarly distributed in the cotyledon and radical (S. Figure 3H-K) . JIM5 signal appears slightly lower in the hms-1 embryo as compared to WT (S. Figure 3I-L) . Taken together, the differences observed in the labelling of embryo by JIM5 and JIM7 are consistent with an increase in DM specific to the hms-1 7 DPA embryos.
Ectopic HMS expression causes dwarfism and increases the PME activity
If the decrease in DM at 7 DPA is caused by a lack of HMS PME activity, expressing HMS ectopically may increase the PME activity and decrease DM in tissues other than the seed. Lines expressing the HMS gene under the control of the UBIQUITIN1 (UBQ1) promoter were generated. Of 14 transformed plants with the pUBQ1:HMS construct, five lines expressed HMS in the leaves where HMS is not normally expressed (Figure 1 ; Figure 5J ). Three independently transformed lines pUBQ1:HMS 1, 2 and 3 respectively, were studied. These plant lines were smaller than WT and appeared highly infertile ( Figure 5I , unpublished results). The PME activity in crude protein extracts isolated from pUBQ1:HMS 1, 2, and 3 leaves were higher relative to WT ( Figure 5L ). The PME activity in hms-1 leaves appeared the same as in WT, which is most likely due to the low level of HMS in this tissue in both WT and hms-1. This hypothesis is supported by the lack of YFP tagged HMS signal seen in the leaves of transformants carrying proHMS:PP::YFP::HMS (data not shown). DM in pUBQ1:HMS 1, 2, and 3 leaf extracts was decreased compared to WT (Figure 5M ), while the DM of hms-1 leaf extracts was similar to WT ( Figure 5M ). Since plants transformed with pUBQ1:HMS have a general decrease in plant size, the cell size in leaves was measured.
The perimeter of leaf cells was significantly smaller in all plants tested as compared with WT ( Figure 5K ). This finding shows that HMS activity affects cell elongation.
PMEI5 does not act through HMS in the embryo cell wall
Ectopic expression of PMEI5 driven by the 35S promoter has been shown to produce larger seeds with a bigger embryo and faster germination rate (Müller et al., 2013) . In order to verify if PMEI5 impacts HMS, we crossed a PMEI5 OE line with the hms-1 mutant to generate an hms-1/PMEI5 OE line. The resultant hms-1/PMEI5 OE had seeds that look similar to PMEI5 OE, with a bigger embryo and the same DM (Figure 6 ). This suggests that PMEI5 does not act through HMS.
HMS may causes the softening of plant tissues
PMEs can either strengthen or loosen the cell wall depending on the pattern of demethyl esterification. In an effort to assess the consequence of the lack of PME activity in hms-1 on the rigidity of the tissue, we performed a Dynamic Mechanical Analysis (DMA) by applying an increasing force between two clamps on equally distributed seed material and calculating the percentage seed deformation. The resultant average seed deformation was reduced in the hms-1 mutant in comparison to WT and compared to the hms-1 plants transformed with pHMS:HMS (Figure 7 ). This result is consistent with the hypothesis that normal HMS activity promotes a loosening of seed cell wall tissue and that in its absence the tissues are more rigid and resistant to deformation. While the change in seed deformation observed in this study may be a consequence of stiffer cell walls, we acknowledge that the size of the cells may be a major factor influencing the rigidity of the plant material and that the comparison between material of diverse size and morphology is not easily interpreted.
Discussion

HMS encodes a PME
The annotation of HMS as a PME was assigned by sequence homology (The Arabidopsis Genome initiative, 2000). Our research has generated several lines of evidence that support this annotation. First, there is a strong correlation between HMS function and PME activity in 7 DPA seed extracts. The loss of HMS function (in hms-1) resulted in a decrease in PME activity, while an increase in HMS expression (pUBQ1:HMS) caused an increase in PME activity ( Figure 5 ). These results demonstrate that HMS is needed for WT PME activity in seeds. Second, changes in HMS activity are correlated with the level of detectable DM in the seed (Figures 5) and the binding of HG specific antibodies that are sensitive to DM (Figures 5, S. Figure 2) . Finally, as expected for a PME (eg. Morvan et al., 1998) , the data support the idea that HMS is localized, at least partially, in the apoplast (Figure 4) . Therefore, our results support the hypothesis that HMS is an active PME.
HMS plays an important role in embryo growth
HMS plays a profound role in embryo morphogenesis. After 4 DPA, hms-1 embryos develop more slowly than WT, reaching, at most, the bent cotyledon stage (Figures 2, 3) . The dry mature seed is wrinkled and weighs considerably less than WT. 
The function of HMS in the seed coat does not affect mucilage production
The initial goal of this investigation was to identify and characterize PME genes involved in seed mucilage modification in order to determine the effect of HG methylation on seed mucilage properties. Genes annotated as encoding PMEs expressed in the seed coat were identified and insertion mutants for each gene were screened for mucilage phenotypes. At1g23200 (HMS) was selected on the basis of its high seed coat expression at 7 DPA and the mucilage extrusion defects of the hms-1 mutant. However, we have shown that the mucilage extrusion defects are a secondary effect of the loss of HMS function in the embryo. The hms-1 seed coats have no obvious defects in differentiation or mucilage extrusion (Figures 2, 3 ) or in the degree of HG methylation (Figures 5, S. Figure 2) . The strong expression of HMS in the seed coat suggests that HMS has a role in that tissue, but if so either its role is subtle, or the phenotypic assays we used were not sufficient, or the role is masked by redundancy. Because there are at least 7 genes expressed in the seed coat it is likely that one or more are redundant with
HMS.
Cell wall loosening enzymes present in the seed, other than HMS, may act to limit the growth of the embryo OE PMEI5 plants have bigger seeds with bigger embryos (Müller et al., 2013) , a phenotype contrasting with that of hms-1. Plants homozygous for hms-1 and having the OE PMEI5 construct have larger seeds similar to those with OE PMEI5 alone (Figure 6) indicating that PMEI5 function is not dependent on HMS. One possibility, consistent with this result, is that PMEI5 inhibits PMEs other than HMS and this leads to a loosening of the cell wall in the seed despite the absence of HMS activity. In roots, the OE of PMEI5 produced a root growth phenotype that required normal BR signaling (Wolf et al., 2012 (Wolf et al., , 2014 . Thus, the exact mechanism by which PMEI5 suppresses the hms mutant phenotype is uncertain but could involve the activation of cell wall modifying enzymes through BR signaling.
Conclusion
The cell differentiation occurring during seed development involves complex cell wall modifications. PMEs influence cell wall rigidity and stiffening. HMS enzymatic activity is necessary for cell expansion and ultimately growth. In addition, this study suggests an intricate interplay between HMS and other unidentified cell wall modification involved in embryo cell expansion and development. The identification and characterization of additional cell wall modifying enzymes acting on the embryo cell wall during development may help to determine the exact series of cell wall modifications that take place during seed developments.
Materials and Methods
Plant material and growth conditions
A. thaliana plants of either Columbia-0 (Col-0) or Nossen-0 (No-0) genetic background were used as in this study. Plants were grown as described by Dean et al. 
PCR and cloning
All DNA was amplified from Col-0 DNA using a two-step PCR protocol with 
RT-PCR transcript analysis
RNA was extracted from Col-0 and No-0 tissues using PureLink® RNA Mini Kit (Ambion) according to the manufacturer's instructions. RNA quantification was determined on a NanoDrop 8000 (Thermo Scientific). Five hundred ng of total RNA treated with DNase I (Invitrogen) were used for first-strand cDNA synthesis with SuperScript™ II Reverse Transcriptase (Invitrogen). RT-PCR was conducted using a typical PCR reaction containing Taq polymerase (Genescript) and gene-specific pairs of intron-spanning primers for At1g23200, At1g11590, At4g03930, At1g44980, At5g49180, At4g33220, At2g43050 and GAPC (Supp. Table 1 ). Amplicons of 200 bp were expected after intron splicing. Transcript levels were analyzed after 23 amplification cycles, and GAPC was used as a loading control.
Mucilage extrusion and staining
Whole mature seeds were hydrated and gently agitated in water for 45 min in a 1.5 ml microcentrifuge tube. Water was subsequently removed and replaced by 0.01% (w/v) ruthenium red (Sigma-Aldrich [R2751]) for 30 min before a final wash in water.
Hydrated seed samples were viewed using a light microscope. Bright-field micrographs of stained samples were taken with a digital camera (QImaging) equipped on a Zeiss
AxioSkop 2 upright light microscope (Carl Zeiss; www.zeiss.com).
High-pressure freezing, freeze substitution and immunolabeling
Developing seeds at 4, 7, and 10 DPA were first high pressure frozen, resin embedded and sectioned according to a previously published method (Rensing et al., 2002; Young and al., 2008) . Developing seeds at 4, 7 and 10 DPA were dissected and pierced with an insect pin before being frozen in the presence of hexadecene using Leica Thin sections (0.5uM) were used for both staining and immunolabelling. Sections were transferred and dried on Hydrophobic Printed Well Slides ER202W (Thermo Scientific).
Slides were blotted in the presence of JIM5 and JIM7 antibodies in specific buffer as previously described (www.plantprobes.net).
PME activity
Pectin methyl esterase activity was assayed using a modified version of a previously published method (Grsic-Rausch and Rausch, 2004) . Briefly, 1 mg of developing seeds were dissected from the silique and immediately frozen with liquid nitrogen. After grinding in liquid nitrogen, 100 uL of protein extraction buffer (100 mM Tris-HCL pH 7.5, 500 mM NaCl and cOmplete, Mini, EDTA-free (Roche)) was added to the samples. The samples were mixed for 15 min at 4 o C before centrifugation at 10,000 g for 5 min at 4 o C. 10 uL of supernatant was added to 100 ul (2U of formaldehyde dehydrogenase in presence of 5% w/v 80% Methyl Esterified Pectin (Sigma P9135) in a 0.4 mM NAD + 50 mM phosphate buffer pH 7.5) using 96-well plate assay read with Synergy HT plate reader (BioTek). The protein concentration for each sample was measured using a Protein Assay Kit I 500-0001 (Bio-Rad), with a standard curve made of Albumin standard 23209 (PIERCE).
Biochemical determination of the degree of methyl esterification (DM)
The methyl ester content was determined using a modified version of the protocol described by Lionetti et al. (2007) . Approximately 5 mg of developing seeds were frozen in liquid nitrogen and ground to a fine powder. The ground seeds were washed twice with 70% ethanol, once with methanol:chloroform (1:1) and three times with acetone. Samples were dried under nitrogen gas at 60 o C between each wash. Following the final drying, samples were saponified in 0.25 M NaOH for 60 min and neutralized with 0.25 M HCL. Fifty microliters of the supernatant was then loaded into 96-well plate for methanol assessment (Lionetti et al., 2007) .
The galacturonic acid content was determined using a previously described protocol (van den Hoogen et al., 1998; Voiniciuc et al., 2013) , where whole seed carbohydrates remaining following saponification were precipitated in 100% ethanol by centrifugation. The pellets were dried under nitrogen gas at 60 o C before being re- 
Scanning electron microscopy
Dried A. thaliana seeds were mounted on stubs and coated with gold-palladium alloy using the Hummer VI sputtering system (Anatech; anatech.com). The samples were then observed with a Hitachi S-800 scanning electron microscope, and images were captured with Evex Nano Analysis digital imaging system (www.evex.com).
Confocal microscopy
Developing pHMS:pp:YFP::HMS and WT seeds were mounted with water between a glass slide and a coverslip. Images were captured in darkness immediately after being exposed to Propidium Iodide (SIGMA) or FM 4-64 (Invitrogen) for 5 and 10 min, respectively. Imaging was performed on an Olympus FV1000 laser scanning confocal microscope using a 63 numerical aperture oil-immersion objective. All image processing was performed using Olympus Fluoview software (www.olympusamerica.com) and Velocity (PerkinElmer, Inc., Waltham, MA 02451 USA). All confocal micrographs were processed and assessed using ImageJ (Albramoff et al., 2004) .
Dynamic mechanical analysis
For mechanical tests, 5 mature seeds were placed between two specimen disks 15 mm in diameter (Electron Microscopy Sciences; www.emsdiasum.com). The position of seed samples was similar for each analysis. The samples were mounted on a QSeries Q800-0174 DMA (TA instruments), held in controlled force mode with the clamp compression applying a ramp force of 18 N/min to the specimens at room temperature. The expression of putative PME genes at different times and in various tissues of A. thaliana. RT-PCR was used to identify the presence of transcripts from 7 PME genes in different plant tissues. GAPC mRNA was used as an internal positive control. 
